The influence of N and O functionalization of CNT on the morphology of supported Pd-PVA nanoparticles is studied with respect to the catalytic activity in the liquid phase oxidation of benzyl alcohol to benzaldehyde. The impact of specific N and O sites on the carbon surface induced by the high temperature N-functionalization in the temperature range 673-873 K was observed by HRTEM as increased nanoparticles dispersion and enhanced metal wetting at the carbon surface. Those small nanoparticles that stabilized at the N-CNTs surface are beneficial for improving catalytic performance. The interaction of O 2 with the metal surface was studied by microcalorimetry. At 353 K, the PVA shell hinders the dissociative oxygen chemisorption at the surface of the fresh catalyst. Differently, a very high (maximum for Pd/N-CNT873K 750 kJ mol À1 ) and oscillating exothermic differential heat is registered for the washed samples. Such high differential heat on the ''washed'' sample is due to the sum of oxygen chemisorption and PVA oxidation. Thereby, it is demonstrated that the PVA overlayer suppresses the total combustion reaction pathway. This contribution has highlighted the impact of the dynamic change of morphology of these Pd nanoparticles under the reaction conditions on the catalytic performance and how this is modulated by the nature of the support as well as the PVA. The support with its varying ability to strongly bind Pd regulates the morphology of the nanoparticles on which the sub-surface penetration of O, H, C from the reactants depends, all modulating the electronic structure and thus the reactivity.
Introduction
The development of solid catalysts for selective oxidation of alcohols to valuable oxygenated compounds for the production of fine and specialty chemicals is a subject of growing interest. [1] [2] [3] [4] [5] In this field of research, the sol-immobilization of stabilized noble metal nanoparticles from a colloidal solution onto a support surface is a well-established preparation route to obtain active catalysts. [6] [7] [8] [9] Several catalytic systems based on noble metal nanoparticles have been investigated for the oxidation of alcohol with molecular oxygen or hydrogen peroxide. Research has focused on the use of Pt/C or Pd/C catalysts. 3, 10 In the studies reported in the literature, the target in the catalyst synthesis is the achievement of a narrow size distribution of metal nanoparticles, approaching the ideal mono-dispersion. The size of the nanoparticles is considered as one of the directly controllable parameters related to structural features that determines the reactivity and the selectivity of the catalyst. 11 The sol-immobilization strategy is in particular attractive because the particle size distribution can be tuned by the nature and concentration of the protective agent and the reductive agent. 7, 8, 12 Commercial carbon supports have often been used for the macroscopic assembling of the metal nanoparticles; however the influence of the surface chemistry of the carbon support on the adsorption of the metal nanoparticles and the wetting of the metal at the carbon surface was not clarified. In order to obtain noble metal nanoparticles homogeneously dispersed on the carbon surface, it is important to maximize the particlesupport interaction during the adhesion process of the polyvinyl alcohol (PVA)-protected nanoparticles on the carbon surface against the particle-particle interaction. A recent report has highlighted the beneficial effect of nitrogen containing organic moieties grafted onto the surface of CNTs for obtaining homogeneously dispersed gold nanoparticles. We have also reported about the beneficial effect of N-functionalization of the CNT surface for improving the catalytic performance of the Pd nanoparticles-based catalyst obtained via a sol immobilization method in the liquid phase selective oxidation of benzyl alcohol to benzaldehyde 14 and in the liquid phase direct synthesis of hydrogen peroxide from H 2 and O 2 . 15 The nature of the interaction at the metal/support interface also influences the catalytic reactivity of the metal nanoparticles-based catalyst. [16] [17] [18] [19] Thus, it is important to elucidate the role that the surface chemistry of the support plays in the preparation of immobilized metal nanoparticles. 16, 17 Theoretical studies on the system Pt on nanocarbon (NC) have highlighted the fundamental effect of the metal-support interaction and the morphology of the NC surface on the morphology of the metal nanoparticles and thus on the coordination number of the metal atoms at the particles surface, which determine the catalyst reactivity. 20 This work aims to gain insight into the role that the surface chemistry of the carbons plays in the metal/carbon interfacial interaction and thus in the metal nanostructure studied by HRTEM. We also study how the reactivity of the metal nanoparticles in the liquid phase oxidation is influenced by the Pd nanostructure. CNTs containing nitrogen and oxygen functionalities with different surface chemical properties (acid/base and hydrophobic/hydrophilic) are used as support for Pd nanoparticles and applied in the liquid phase oxidation of benzyl alcohol to benzaldehyde by molecular oxygen under solventless conditions.
The interaction of oxygen with the surface of Pd nanoparticles-based catalysts is studied by reactive microcalorimetry at the reaction temperature used for the liquid phase oxidation of benzyl alcohol to benzaldehyde. The H 2 and CO chemisorption was carried out on two differently performing catalysts to investigate the specific surface area.
Materials and methods

CNTs functionalization
Commercial carbon nanotubes (CNTs) were supplied by Pyrograf Inc. This material consists of tubular fibers with an average diameter of 88 AE 30 nm and a specific surface area of 55 m 2 g
À1
. The oxygen-containing nanocarbon was obtained by treating the pristine CNTs with HNO 3 according to the following procedure: a solution of CNTs in HNO 3 concentrate (20 g of CNT per liter of HNO 3 ) was kept at 373 K for 2 h under continuous stirring, then rinsed with distilled water, and finally dried at 343 K for several hours. N-containing CNTs were obtained from the pre-oxidized CNTs by thermal treatment of (10 g for each batch) with NH 3 in the temperature range 473-873 K for 4 h. The details of support functionalization have been published elsewhere. 21 
Pd-based catalyst preparation
Na 2 PdCl 4 from Aldrich (99.99% purity), NaBH 4 (>96% purity) from Fluka and polyvinyl alcohol (PVA) (M w = 13 000-23 000, 87-89% hydrolyzed) from Aldrich were used. First, aqueous solutions of PVA (2%, w/w) and NaBH 4 (0.1 M) were prepared. Na 2 PdCl 4 Á2H 2 O (0.043 mmol) and PVA solution (220 ml) were added to 130 ml of H 2 O. After 3 min, NaBH 4 solution (860 ml) was added under vigorous magnetic stirring to the solution and a yellow-brown sol was immediately formed. The suspension was then acidified at pH 2 by sulphuric acid and immobilized by adding the CNTs under vigorous stirring. The amount of support was calculated as having a final metal loading of 1 wt%. After the immobilization, the samples were rinsed with distilled water and then dried in static air at 353 K overnight. In the following, the sample notation as reported in Table 1 will be used. Fresh samples are stored in air.
Catalytic test: liquid phase oxidation of benzyl alcohol to benzaldehyde
The reactions were carried out in a thermostatic glass reactor (30 ml) equipped with an electronically controlled magnetic stirrer. Gaseous oxygen from SIAD was 99.99% pure. The oxygen uptake was followed by a mass flow controller connected to a PC through an A/D board. The catalytic tests have been carried out under solventless conditions fixing the metal/ alcohol ratio to 1/3000 mol/mol and the total volume at 10 ml. The reactor was pressurized at a pressure of O 2 of 2 bar and thermostated at 353 K. The reaction was initiated by stirring at a stirring rate of 1500 rpm. The effect of the alcohol/metal ratio on the activity of a highly active catalyst was previously studied to define the experimental conditions for the kinetic regime. 22 Periodic sampling of the solution from the reactor was performed. Identification and analysis of the products were done by GC-MS and GC using a Dani 86.10 HT gas chromatograph equipped with a capillary column (BP21 30 m Â 0.53 mm, 0.5 mm film; SGE). Quantification of the reactant products was done by the external calibration method.
Catalyst characterization
The Pd content was determined by X-ray fluorescence (XRF) spectroscopy using a wavelength dispersive X-ray fluorescence (WDXRF) Bruker S4 Pioneer spectrometer. Typically, 0.5 g of sample were deposited inside a polystyrene holder (34 mm in diameter) and covered with a 4 mm polypropylene foil. The measurements have been performed under a He atmosphere.
A Hitachi S-4800 Scanning Electron Microscope (SEM) coupled with EDX detector for elemental analysis was used to investigate the surface morphologies of the nanoparticles and of the CNTs. All images were acquired using an acceleration voltage of 3 kV for better resolution of surface features, and 15 kV to investigate the inner cavity of the CNTs. The microstructure of the supports and the catalysts was investigated by Transmission Electron Microscopy (TEM). Highresolution transmission electron microscopy (HRTEM) and high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) have been performed with a TitanCs300 microscope from FEI equipped with a Cs-corrector from CEOS. The samples were dry-deposited on a holey carbon film supported on a Cu grid. The in situ XRD data were collected on a STOE Theta/theta X-ray diffractometer (CuKa 1+2 radiation, secondary graphite monochromator, scintillation counter) equipped with an Anton Paar XRK 900 in situ reactor chamber. The gas feed was mixed by means of Bronkhorst mass flow controllers, using helium as inert balance gas at a total flow rate of 100 ml min
À1
. The effluent gas composition was monitored with a Pfeiffer OmniStar quadrupole mass spectrometer.
CO and H chemisorption was carried out with the static volumetric method in a Quantachrome Autosorb 1C. Two isotherms at 313 K in the pressure range of 2.6 Â 10 À3 À 0.76 bar were measured, the first with both the reversible and irreversible parts and the second with the reversible part only. In all cases the irreversibly chemisorbed CO amount is given. The mean surface area of a Pd atom is taken as 0.0787 nm 2 per atom (DIN66).
A SETARAM MS70 Calvet calorimeter combined with a custom-designed high vacuum and gas dosing apparatus, which has been described in detail 23 was used for the microcalorimetry investigation. Calibration of the heat-voltage constant of the microcalorimeter was accomplished by the Joule effect. Calibration of the volumes was carried out with O 2 under the same conditions as for the adsorption procedure. We have adopted the calorimetric sign criterion (positive energetic quantity for an exothermic process). The dosing volume is 134 ml and an absolute pressure transducer (MKS Baratron type 121) measures pressure variations of 0.003 hPa within this volume, so that amounts as small as 0.03 mmol can be dosed into the sample cell. The samples were tightly pressed into pellets and cut into small pieces. The sieved fraction with diameters between 0.40 and 0.60 mm was used. The sample pretreatment was carried out in the calorimeter under high vacuum at the reaction temperature of 353 K for 17 h to a final pressure of 6 Â 10 À8 hPa. Afterwards, the sample cell was closed and subsequently oxygen was dosed stepwise into the initially evacuated cell. The pressure evolution and the heat signal were recorded for each dosing step until it reaches the baseline. The adsorption isotherm was derived from the dosed amount and the equilibrium pressure (in comparison to an empty cell), and the differential heats were calculated by converting the signal area into a heat by using the calorimeter's calibration factor and then dividing the heat by the number of adsorbed oxygens in this step. The net amount of oxygen consumed at 353 K is expressed as micromoles of oxygen atoms per gram of catalyst. Therefore, normalization of differential heat of adsorption is done considering the oxygen atoms chemisorbed and consumed on the catalyst surface. The time constant of the calorimeter is estimated by calibration of the thermo signal using an ohm resistant at 250-300 s. If the time for the heat release of an individual adsorption step is higher than that of the calorimeter, a complex adsorption process can be assumed; otherwise, if the times are similar, a pure adsorption process is considered. The specific surface areas are determined by O 2 chemisorption by applying Langmuir model with adsorption stoichiometry for Pd : O 2 = 2 : 1 and crosssection area of O atom occupied by each active surface atom B0.07 nm 2 (calculated from the Goldschmidt ionic radius 1.33 Å for O).
Two Pd based catalysts (Pd/N-CNT473K and Pd/N-CNT873K) with different catalytic behaviour were investigated by chemisorption. In order to simulate the reaction before chemisorption the samples were heated in water at the reaction temperature (353 K) and held at this temperature for 10 min. Subsequently the samples were dried overnight at 353 K. Prior to chemisorption the samples were outgassed for 17 h in a He flow at 353 K. For comparison, a standard Pd wi /CNT catalyst was investigated too. This catalyst was obtained by impregnation of the CNTs with Pd(NO 3 ) 2 , followed by reduction in H 2 at 423 K for 2 h. It presents an average particle diameter of around 5 nm. The pretreatment before chemisorption was He flow at 393 K for 2 h, again reduction in H 2 flow at 423 K for 30 min followed by 2 h evacuation.
A different pretreatment was chosen for the Pd/N-CNT473K and Pd/N-CNT873K samples (degassing at 353 K in He flow for 17 h) to prevent structural modification.
Results and discussion
Surface chemistry of CNTs
The characterization of the surface chemistry of pristine and functionalized CNTs supports have been reported elsewhere. 21 As summarized in Table 1 , CNTs have a very low concentration of oxygen species and are consistently characterized by a hydrophobic surface. The treatment with nitric acid (CNTox) introduces mainly acidic and few basic oxygenated functionalities. The surface is acidic and presents a hydrophilic character. The supports functionalized with NH 3 are characterized by the presence of a broad distribution of O and N species which is temperature dependent. At 473 K a bi-functional acidic and basic surface is obtained with high hydrophilic character. Treatment at higher temperature (673 K and 873 K) causes the decomposition of the low thermally stable acidic species and thus the basicity and the hydrophobic character are enhanced. In particular, at 873 K stronger basic sites are introduced. After the metal immobilization, the catalysts show slightly acid character.
Catalytic data in the benzyl alcohol oxidation to benzaldehyde
The conversion of benzyl alcohol is plotted in Fig. 1 versus time for all the catalysts investigated under solventless conditions. Fig. 2 reports the moles of benzyl alcohol consumed per moles of Pd at 15 minutes of reaction and selectivity at 45% of conversion.
The functionalized CNTs under the same conditions were studied for comparison. The supports are not active for the reaction. But the functionalization of the CNTs with N or O species leads to better Pd-based catalyst than the Pd-based catalyst on the pristine CNTs. Among the catalysts investigated, the sample Pd/NCNT873K shows the best catalytic performance reaching almost total conversion after 30 min of reaction. The moles of benzyl alcohol consumed per moles of Pd at 15 minutes of reaction is 11 457 h À1 (75% conversion) while total selectivity to benzaldehyde at 45% conversion is estimated.
The catalyst Pd/NCNT673K shows good initial activity even if slightly less selective to benzaldehyde (66% at 45% conv.). Table 2 summarizes the moles of benzyl alcohol consumed per moles of Pd and selectivity to benzaldehyde at 90% conversion for all the catalysts investigated in this work and compares with literature data.
From Table 2 , it can be seen that at 90% conversion the selectivity to benzaldehyde of the Pd-based catalyst approaches a similar value of around 70% accordingly to the value reported in the literature. Under solventless conditions, N-functionalization of the CNT support leads to similar or higher moles of benzyl alcohol consumed per moles of Pd than Pd/PR24PS 14 but under milder conditions. The selectivity to benzaldehyde for all the catalysts at the end of the reaction is shown in Table 3 . At the end of the reaction, the catalysts show quite high and similar selectivity to benzaldehyde, with toluene as the main unselective hydrogenation by-product and, in smaller amounts benzoic acid and benzyl benzoate as unselective oxidation by-products.
Several studies [25] [26] [27] [28] have shown that toluene is a co-product of the benzaldehyde formed on reduced Pd even in the absence of O 2 , through dehydrogenation of benzyl alcohol which leads to the formation of adsorbed hydrogen. Thus in this case the benzyl alcohol acts as a hydrogen acceptor leading to toluene formation. This is the so-called benzyl alcohol disproportionation pathway.
In the presence of O 2 , the rate of benzaldehyde formation increases due to the fact that the O 2 is a much better hydrogen acceptor than benzyl alcohol. Also the successive hydrogenolysis-decarbonylation of benzaldehyde to benzene should be considered. 29 Thus, removal of the hydrogen formed in the rapid dehydrogenation step addresses the selectivity issue. 29 In general, under solventless conditions, the higher benzyl alcohol concentration at the metal surface with respect to the surface oxygen concentration leads to hydrogenolysis at the expense of the selective oxidation. 29 This is consistent with the observed increased selectivity to benzaldehyde (above 90%) for all the samples when the reaction is carried out in aqueous solution (Table S1 , ESIw).
Considering that the main secondary pathway is the parallel disproportionation reaction of benzyl alcohol, while the successive secondary reaction pathways are negligible (Table 3) , the decreasing of the selectivity to benzaldehyde from 99% at 45% conversion (Fig. 2 ) to 71% at 90% conversion (Table 2) to 76% at 99% conversion (Table 3) for the sample Pd/NCNT873K indicates that the Pd nanoparticles nanostructure has changed during the reaction. In fact, HAADF-STEM in Fig. 4 has shown some sintering of the Pd nanoparticles upon washing at 353 K while only a part of the small nanoparticles is preserved. Similar decrease of selectivity due to disproportionation reaction was already reported and attributed to an induction period in which the sites responsible for the disproportionation are formed. 29 As was already reported in the literature, 30 the particle size and morphology control the surface O chemisorption and subsurface dissolution as well as the benzyl alcohol adsorption, through a feed-back mechanism that influences the reactivity. As will be shown later on by means of TEM and XRD characterization of the Pd/NCNT873K and Pd/NCNT473K, the support induces the morphology and the nanostructure of the Pd nanoparticles, resulting in a different catalytic performance. For the Pd/NCNT473K, already at 45% conversion the selectivity to benzaldehyde is around 70% and therefore the sites responsible for the disproportionation are already present or formed earlier.
Additionally, the carbon overlayer controls the selectivity by influencing the surface nanostructure and the different adsorption geometry of the reacting molecule. For instance larger particles might allow two adjacent benzyl alcohol molecules to chemisorb. The adsorption-induced detachment of the PVA units on the nanoparticles not strongly stabilized at the carbon surface destabilizes the nanoparticles and leads to the sintering. This accounts for the observed changes in selectivity with time.
Morphology and structure of the Pd nanoparticles
The influence of the surface chemistry of CNTs can be observed at different scale on morphology 31 and nanoparticles stability. Secondary electron (SE) and back-scattered electron (BSE) scanning electron microscopy (SEM) images of the sample Pd/CNT show a zone with higher particles density and agglomerations (Fig. S1, ESIw) .
Similarly, the HAADF-STEM pictures for the sample Pd/N-CNT473K (Fig. S2a, ESIw) and the sample Pd/N-CNT873K (Fig. S2b, ESIw) show Pd nanoparticles well dispersed over the CNTs surface. However, some tubes present higher particles density and in some cases particles agglomeration is observed. For the catalyst Pd/N-CNT473K, particles agglomeration is more pronounced as shown in Fig. S2a , ESI.w
The average particle size diameter (major length for nonspherical particles) determined by statistical measurements in HRTEM images ranges between 2-4 nm. In particular, as reported in Table 4 , the average particles size is about 2.7 nm for N-CNT873K, 3.2 nm for N-CNT673K, 4.3 nm for N-CNT473K, 3.3 nm on Pd/CNTox and 3.6 nm on Pd/CNT. Such a value is slightly higher than the average particle size observed on the sol (2.7 nm, Fig. S3, ESIw) . A different Pd loading was measured by XRF for the different samples. Hydrophobic support such as CNT, N-CNT673K and N-CNT873K give rise to higher Pd loading, approaching the theoretical 1% wt (in Table 4 0.8%, 0.7%, 0.8% respectively) than the support with comparatively more hydrophilic character. In fact, the metal loading is about 0.3% wt and 0.5% wt for the CNTox and N-CNT473K, respectively, though the Pd available in solution is the same.
HRTEM investigations on the Pd based catalysts show nanoparticles with different morphology (Fig. 3a) . Very small particles approaching cluster dimension (1), decahedron along the 5-fold symmetry axis (2) cuboctahedron particles (3) and raft-like particles (4) are found. Fig. 3b shows a PVA-encapsulated MTP. The direct interaction of the particles with the surface of CNTs is hindered by the interfacial carbon shell, which preserves the particle shape. However, in some parts the naked metal surface is exposed as indicated by the arrow. Fig. 3c shows a particle accommodated at the carbon surface for the sample Pd/N-CNT873K.
Obviously, the particles morphology and nanostructure at the surface are affected as they accommodate at the carbon surface: the Pd surface atoms migrate to form high index faceting 20, 31, 33 (steps and kinks) as shown in Fig. 3c . These are low-coordinative sites and thus are considered the most relevant for the reactivity. 34, 35 Several examples of HRTEM images of nanoparticles immobilized at the CNT surface and the corresponding FFT are reported in the ESIw (Fig. 4S) . The inhomogeneity of the particles size and morphology on the same sample (very pronounced for Pd/N-CNT473K) reflects the local different surface chemistry of the carbon support. On the basis of the result presented, the role of the surface chemistry of the C support can be addressed.
During the immobilization, the chemical affinity of the carbon surface with the PVA-wrapped metal nanoparticles rules out the nanoparticles adsorption-deposition at the carbon surface and determines the metal loading.
Based on the fact that a hydrophilic carbon surface leads to low loading and particles agglomeration (Fig. S4f, ESIw) , we may assume that those are hydrophobic-hydrophobic interactions. If a strong hydrophobic-hydrophobic interaction between the carbon surface and PVA is realized, a partial deprivation of the protective PVA-shell occurs and results in certain mobility of the metal atoms at the carbon surface.
We have previously reported 21 that the NH 3 functionalization leads to the formation of specific functionalities on the carbon surface which are maximised at 873 K, i.e. very strong basic sites containing O and N atoms in hetero-cycle conjugated structure. 32 We assume that very small nanoparticles are indeed stabilized at these sites. 19, 20 The as-received CNT realizes a good support-PVA interaction (0.8% Pd loading) but the low concentration of functional sites leads, during the immobilization, to overgrowth of the MTP (Fig. 3a) or agglomeration (Fig. S4f, ESIw) . This is also supported by the HAADF-STEM on the sample washed Pd/N-CNT873K (Fig. 4) which shows clearly some sintering of the particles; however some of the very small ones are still preserved, which indicates that they were strongly stabilized at specific sites.
Macroscopically, the metal-support interaction can be evaluated by the enhanced metal wetting. Small particles better wet the carbon surface resulting in oval-like particles rather than the round particle shape observed in colloids. Particles spread on the CNTs surface, named ''raft'' nanoparticles, are also observed and they occur as a consequence of the strong metal-support interaction.
In order to define numerically the entity of the metal wetting, statistic measurements of the aspect ratio of the particles on different supports have been carried on. The particle aspect ratio is, by definition, the ratio between the length and the height of the particle and gives quantitative information about the divergence of the particle shape from the spherical situation which is defined by an aspect ratio equal to 1. This represents indirectly a measure of the metal-support interactions. The values are summarized in Table 4 . Accordingly, the samples Pd/N-CNT873K and Pd/N-CNT673K present higher population of particles with aspect ratio larger than 1. The aspect ratio may be underestimated, as in the statistical measurements raft particles could not be included.
The expansion of the Pd structure is associated [36] [37] [38] to the presence of interstitial C impurities which may migrate into the Pd phase during the catalyst preparation from the carbon overlayer or from the functional group of the carbon support. Also expansion of the fcc structure for Pd nanoparticles could be due also to dissolved O. However, oxidized Pd might undergo chemical reduction induced by the electron beam in the electron microscope. Therefore, Pd nanoparticles showing a metallic fcc structure by HRTEM might have contained oxygen dissolved in the structure before entering the microscope. 39 Therefore, the structure of the nanoparticles for two Pd/ N-CNT873K and Pd/N-CNT473K was also studied by in situ XRD. Fig. 5a reports the XRD patterns of the fresh sample Pd/N-CNT873K at 298 K under helium (red), then under 5% H 2 (green) and He (blue) again. Due to overlap with the complex background signal from the CNT support (black curve), the Pd-related peaks become only obvious when comparing the XRD patterns of the metallic and hydride states with each other. The initial pattern in He shows reflection peaks typical of metallic Pd although broad due to the small particle size. The exposure to H 2 leads to lattice expansion as a consequence of the PdH x formation (4-4.5%). The process is reversible and by switching back to the He atmosphere the metallic Pd phase is restored. The XRD patterns of the fresh sample Pd/N-CNT473K at 298 K under helium (red), then under 5% H 2 (green) and He (blue) again are reported in Fig. 5b . Conversely, the Pd-related XRD patterns show already as initial state the expansion similar to the one under H 2, while switching back to He produces shrinkage of the structure which can be assumed as a metallic phase. Small nanoparticles relatively strongly interacting at the carbon surface in Pd/N-CNT873K are characterized by Pd nanoparticles with a metallic structure, while the bigger nanoparticles less interacting at the carbon surface in Pd/N-CNT473K are more susceptible to dissolve heteroatoms already on the fresh sample. Therefore it is obvious that the surface chemistry of the support influences the morphology and the surface/subsurface structure of the Pd nanoparticles in the fresh sample, thus influencing the reaction kinetics and pathways.
Reaction with oxygen and hydrogen on Pd wi /CNT and washed Pd/N-CNT873K and Pd/N-CNT473K
The reactivity of oxygen with the Pd samples was investigated by microcalorimetry at the reaction temperature used for the benzyl alcohol oxidation, 353 K. The Pd samples obtained via immobilization are compared to a PVA-free Pd reference sample (Pd wi /CNT) obtained by incipient wetness impregnation. This is necessary due to the complex profile and the very high differential heat registered for the investigated samples, which requires the knowledge of the energetic profile of the oxygen interaction at the Pd surface. The differential heat of oxygen chemisorption versus the oxygen coverage is plotted for the reference sample in Fig. 6 . Accordingly, the catalyst Pd wi /CNT gives rise to an initial differential heat of 175 kJ mol
À1
. The differential heat signal exhibits a plateau form with the increase of the oxygen uptake up to the coverage of 4 mmol g À1 and afterwards it decreases to a value of 140 kJ mol À1 . A second plateau is observed up to
, and afterwards the differential heat decreases gradually until no further thermal signal is recorded at the amount of oxygen uptake of 21 mmol g À1 . Such a plateau was already described in the literature for oxygen chemisorption on metal and attributed to a ''layering effect''. 40 The value of 140 kJ mol À1 was also reported in the literature 41 for the oxygen chemisorption on the Pd/SiO 2 catalyst at 313 K. Therefore the 8.4 mmol g À1 can be assumed as the surface saturation coverage. Indeed, the initial value is too high for pure chemisorption on Pd. Although studies of the chemisorption of oxygen on supported nanoparticles have shown that the heat of dissociative adsorption increases when the crystallite size decreases 42 the particles size of this sample is rather broad and ranges between 5-20 nm, and therefore the differential heat rather independent of the particles size. We rather believe that such a value is affected by reaction which involves impurities (i.e. CH or COH impurities) rather than size effect. The specific surface area determined at the saturation coverage for O, CO and H chemisorption is reported in Table 5 . The oxygen adsorption isotherm is reported in Fig. S5 , ESI.w The reference sample is characterized by a profile very well fitted with the Langmuir adsorption model and results in the accessible Pd metal surface area of B2 m 2 g À1 . The specific surface area determined by CO chemisorption is 1 m 2 g À1 in good agreement with the theoretical calculated surface area, assuming semi-spherical exposed Pd particles (1 m 2 g À1 ) with average particle diameter from TEM statistical measurements. The difference between S H , S O and S CO accounts for the parts of metal surface covered with C impurities which are not accessible to CO but to H. In the case of S O , the amount of oxygen penetrated into the subsurface as well as the metal surface area freed during the combustion of the C impurities contribute to the surface area. This is strongly supported by the heat evolution kinetics in Fig. 7a . In fact, in the initial pulses the time for the heat release (30 min) is longer than the calorimeter response and this is normally due to secondary processes. 43 At the surface saturation coverage, the repulsion between O ads atoms reduces the chemisorbed oxygen atom-palladium surface bond energy and allows the subsurface oxygen chemisorption. [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] At this point, the peak is composed of two-overlapping components: the first heat signal is quite sharp and the following signal is diffuse. The appearing of the second diffuse peak in the integral heat peak profile can be thus related to the following subsurface oxygen dissolution. Oxygen chemisorption was not observed on the fresh Pd/ N-CNT873K and Pd/N-CNT473K catalysts at 353 K. This indicates that the active sites for the oxygen chemisorption are blocked by the PVA.
To investigate the oxygen chemisorption on the Pd samples, a thermal pretreatment at 353 K in water was necessary. The samples subjected to this pretreatment are referred to in the text as washed samples. This pretreatment can be considered as simulating the reaction and the catalyst surface as its state after 10 min reaction.
The initial differential heat recorded for the washed sample Pd/N-CNT873K is 518 kJ mol À1 (Fig. 8) . A second pulse of oxygen produces a strong increase of the differential heat released up to 725 kJ mol À1 which oscillates around these maximum and minimum values with increase in the coverage. The high differential heat calculated is certainly related to combustion reaction, which characterizes both samples 43 i.e. reacting C-OH species of the carbon overlayer (Fig. 8) . For instance, the 2nd pulse of oxygen for the sample Pd/N-CNT873K shows a higher heat released than the 1st and 3rd pulse but the amount of oxygen irreversibly consumed did not increase proportionally (Table S2 , ESIw). We can assume that, at this point, the CO/CO 2 produced through the combustion was released and contributed to the equilibrium pressure.
Therefore, the heat released is the sum of chemisorption and oxidation. This is referred to more properly as differential heat of reaction and as irreversible oxygen consumption to differentiate from the oxygen converted in the reaction and contributing to the equilibrium pressure. Above 5 mmol g À1 the surface saturation of the catalysts is achieved.
The profile of the differential heat of reaction versus oxygen consumption for the washed Pd/N-CNT473K shows a similar oscillating trend as the Pd/N-CNT873K catalyst, however the maximum value is lower. The saturation concentration, before that the differential heat of chemisorption decreases, is 17 mmol g À1 of O consumed.
The specific surface areas determined by O, CO and H are reported in Table 5 for these samples as well.
For Pd/N-CNT873K and Pd/N-CNT473K washed, however, the isotherms for the O chemisorption (Fig. S5, ESIw) do not fit very well with the Langmuir model and they can be considered as a superimposition of several uptake curves due to several processes occurring. CO chemisorption on these two catalysts gives a specific metal surface area of 0.39 and 0.25 m 2 g À1 for Pd/N-CNT873K and Pd/N-CNT473K respectively. These values differ strongly from the expected theoretical Selected pulses corresponding to the points plotted in Fig. 8 (Fig. 7b and c for the samples Pd/N-CNT873K and Pd/N-CNT473K, respectively) gives additional information.
The integral heat signal developed at the 1st pulse (Fig. 7b ) is characterized by a time of heat release of about 40 min, significantly higher than the time of the heat release for the calorimeter heat signal calibration (B15 min). As the consumption increases, the time for the heat release increases and close to the saturation concentration (14th pulse), the peak shape is extremely broad (800-1000 min) and is due to at least two-overlapped integral heat signals. The sample Pd/N-CNT473K is characterized at the 1st pulse, by fast heat release (13 min). Only above 9 mmol g À1 of oxygen uptake, the time for the integral heat release considerably increases to 381 min (14th pulse), indicating a different process. Again, this can be clearly seen in the integral peak shape which can be roughly considered to be composed of at least two peaks. The sample Pd/N-CNT873K shows dramatic delay of the integral heat release at much lower oxygen consumption than the sample Pd/N-CNT473K. In analogy to the reference sample, the delay of the integral heat release for Pd/N-CNT873K can be attributed to subsurface processes. This is consistent with the in situ XRD investigation that addresses for lattice expansion due to near surface dissolved impurities on the Pd/N-CNT473K while this is not the case for the Pd/N-CNT873K. Therefore, we might conclude that the Pd/N-CNT873K near the surface region is not saturated and therefore is more susceptible to undergo dynamic surface/subsurface processes during the microcalorimetry experiment. The oscillation of the differential heat can be understood on both the Pd/N-CNT873K and Pd/N-CNT473K as free active sites are further generated at higher oxygen consumption due to the dynamic situation generated by the cleaning effect of oxygen removing C-OH species. 54 After every calorimetric experiment, the calorimetric sample cell was degassed by pumping (final pressure 10
À8 mbar) at 353 K in order to measure the integral desorption heat of oxygen (negative energetic quantity for an endothermic process). The investigated samples did not show any endothermic integral desorption heat signal as expected for irreversible interaction of oxygen with the surface sites. Table 5 summarizes the specific surface area determined by H 2 as well. Also the H 2 chemisorption on the washed samples gives a different specific surface area compared to CO although the trend is the same. As shown by XRD, H 2 molecules can penetrate the PVA shell of the fresh Pd/N-CNT873K, while CO and O 2 cannot. We can therefore assume that the H 2 chemisorption gives the overall specific surface area, while the CO only the exposed surface area after 10 min of reaction. The sample Pd/N-CNT873K washed shows higher surface area in both cases than the Pd/N-CNT473K. Eventually, it is possible to calculate the TOF after 15 min of reaction normalised by the specific surface area at 10 min as 277 mol m À2 h À1 and 90 mol m À2 h À1 for the Pd/N-CNT873K and the Pd/N-CNT473K, respectively. However, one must bear in mind that the value of the CO specific surface area changes with time.
The observation shows that the as-prepared catalyst is a precatalyst packed into PVA. Only by chemisorption of the organic reactant the packaging is removed and activity begins. If the packaging with PVA is necessary to prevent sintering, it occurs that the reaction will change the morphological characteristic of the Pd. Strong metal-support interaction prevents this reaction-induced change. The dynamic rearrangement of sites arising from (a) freeing pre-covered Pd, (b) restructuring due to sub-surface reaction and (c) sintering due to loss of metal-support interaction precludes a meaningful definition of a turnover frequency which is here a function of reaction time.
Conclusion
This work has shed light on the role of the PVA protective shell in the liquid phase oxidation reaction which is very often neglected in the literature. Obviously, the dissociative oxygen chemisorption on Pd is able to catalyse total oxidation reaction, which is indeed hindered by the specific adsorption geometry of oxygen on the Pd sites, constrained by the PVA and the benzyl alcohol chemisorbed on the catalyst surface. This is a general conclusion for these kinds of catalysts independently of the C surface properties. The focus is placed on the understanding of the role that the surface chemistry of the carbon support plays in the catalytic performance of Pd-based catalyst in the selective oxidation of benzyl alcohol to benzaldehyde. Several observations and implications on the role of the surface chemistry of the support are pointed out as relevant for explaining the catalytic behaviour of these catalysts.
Due to the heterogeneity of the carbon surface, a certain degree of morphological and nano-structural heterogeneity was observed within the same sample and among the samples.
Among the samples, we have observed different activity and selectivity. In particular, the selectivity towards hydrogenolysis reaction is higher for less active catalysts. The TOF after 15 min of reaction normalised by the specific surface area is 277 mol m À2 h À1 and 90 mol m À2 h À1 for the Pd/N-CNT873K and the Pd/N-CNT473K, respectively. Thus, the higher specific surface area and the adsorption geometry however cannot explain the enhanced catalytic activity of the Pd/N-CNT873K and the structure sensitivity of the reaction should be considered. The Pd particles exhibit specific catalytic activities due to their morphologies. Besides adsorption, morphology also regulates sub-surface penetration of O, H, C from the reactants all modulating the electronic structure. As the morphology is in turn a function of the PVA coverage and metal-support interaction we observe a feed-back regulation of the performance. The support with its varying ability to strongly bind Pd modulates the feed-back mechanism. All this is superimposed in the time evolution of the activity shown in Fig. 1 . The focus is placed on the specific basic functional group in the graphitic domains induced by the ammonia treatment at 673 K and 873 K, which gives rise to stronger metal-N or metal-O bond at the interface which prevents them to undergo sintering during reaction. Those small particles are responsible for the enhanced catalytic performance.
